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In the embryos of the oligochaete annelid Tubifex, segments VII and VIII specifically express mesodermal alkaline
phophatase (ALP) activity in the ventrolateral region. In this study, we examined whether this segment-specific expression
of ALP activity depends on external cues. Cell lineage analyses show that the ALP-expressing cells originate from M
teloblasts. Furthermore, a set of teloblast-ablation experiments demonstrated that the seventh and eighth primary m blast
cells (m7 and m8) produced from M teloblasts give rise to ALP-expressing cells in segments VII and VIII, respectively, and
that primary m blast cells other than m7 and m8 lack the ability to generate ALP-expressing progeny cells. The results of
another set of blastomere-ablation experiments suggest that ALP-expressing cells emerge independently of interactions
with surrounding tissues. Teloblast-transplantation experiments demonstrated that m8 can generate ALP-expressing cells
in an ectopical position, suggesting that it is unlikely that ALP activity emerges in response to the positional cues residing
in the embryo. These results suggest that m7 and m8 are exclusively specified as precursors of ALP-expressing cells at the
time of their birth from M teloblasts. We propose that segmental identities in primary m blast cells of the Tubifex embryo
are determined according to the genealogical position in the M lineage and that the M teloblast possesses a developmental
program through which the sequence of blast cell identities is determined. © 2000 Academic Press
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aINTRODUCTION
Annelids display a high degree of metamerism in their
body plan. The trunk portion of the body comprises mul-
tiple segments, each of which contains a similar comple-
ment of ectodermal and mesodermal tissues (Weisblat et
l., 1988; Shankland, 1991; Goto et al., 1999a,b). Although
egments are homologous, they are regionally differentiated
long the longitudinal body axis. Among mesodermal or-
ans, for instance, nephridia and genital primordia are
ocalized in a subset of segments, in a species-specific
anner (Brusca and Brusca, 1990). There is no doubt that
ndividual segments are assigned specific identities during
mbryonic development of annelids. Thus, the fundamen-
al aspects of pattern formation during annelid embryogen-
1 To whom correspondence should be addressed. E-mail:
stak@sci.hokudai.ac.jp.
214sis include not only the generation of metameric segments
ut also the specification of their identities.
In this paper, we address the mechanism for specification
f segmental identity in the mesoderm of the oligochaete
nnelid Tubifex. As to the developmental origin of segmen-
tal identity, two types of mechanisms have been suggested
from cell-lineage studies on leech embryos (Martindale and
Shankland, 1988, 1990; Gleizer and Stent, 1993). One is a
cell-extrinsic mechanism, which is based on the interac-
tions of cells with their environment, and the other is a
cell-intrinsic mechanism in which the commitment of each
cell line to a particular fate is governed by its genealogical
position in the cell lineage. In leech embryos, the segment-
specific development of neurons with specialized properties
and mesodermal organs has been suggested to be attribut-
able to a cell-intrinsic mechanism (Martindale and Shank-
land, 1990; Gleizer and Stent, 1993), whereas segment-
specific survival of distal tubule cells in an ectodermal
lineage is achieved via the cell-extrinsic mechanism (Mar-
0012-1606/00 $35.00
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215Segmental Specificity in Tubifex Embryotindale and Shankland, 1988). In view of the fact that many
developmental features, such as cleavages, teloblastogen-
esis, germ band formation, and segmentation, are conserved
between oligochaetes and leeches (Anderson, 1973; Fernan-
dez and Olea, 1982; Shimizu, 1982; Weisblat et al., 1994), it
s natural to speculate that segmental identity in oli-
ochaete embryos would be specified by mechanisms simi-
ar to those involved in leech embryos. At present, however,
ittle information is available to verify this speculation,
lthough Devries (1974, 1983) proposed that segmental
dentity in the mesoderm of the oligochaete Eisenia could
e specified at the birth of segmental founder cells (i.e.,
rimary blast cells) from their mother cell (i.e., M teloblast).
As in other clitellate annelids (i.e., oligochaetes and
eeches), segments in Tubifex embryos arise from five
ilateral pairs of longitudinal, coherent columns (bundlets)
f primary blast cells that are generated by five bilateral
airs of embryonic stem cells called teloblasts (M, N, O, P,
nd Q) (Fig. 1C; Goto et al., 1999a,b). Among these, the M
ineage contributes solely to mesodermal segments (the
emaining lineages give rise to ectodermal segments). The
etameric segmentation in the mesoderm arises from an
nitially simple organization (i.e., a linear series) of primary
blast cells that serve as segmental founder cells (Fig. 1H;
oto et al., 1999b). After their birth, primary m blast cells
n the M lineage undergo stereotyped sequences of cell
ivision, and they individually generate a distinct cell
luster, which becomes a mesodermal segment. Cell clus-
ers thus generated come to be arranged in a chain running
long the anteroposterior axis. It is late in development that
egment-specific mesodermal organs become morphologi-
ally recognizable.
Recently we have found that during Tubifex embryogen-
sis, segments VII and VIII specifically exhibit mesodermal
lkaline phosphatase (ALP) activity (Kitamura and Shimizu,
000). At 4.5 days after 4d cell division (see Fig. 1B), a
ilateral pair of ALP-positive tiny spots becomes detectable
n the ventrolateral region in the midzone of the anterior
alf of the embryo. At this stage, each spot appears to be
omposed of a single ALP-positive cell. During the follow-
ng 6 h, another bilateral pair of ALP-positive spots emerges
ust behind the previous pair (Figs. 2A and 2B). The first and
econd pairs are located in the mesoderm of segments VII
nd VIII, respectively. As development proceeds, ALP-
ositive cells in each spot increase in number and become
rganized into a loop (i.e., a nephridium) that assumes a
airpin shape. Apparently, the ventrolateral ALP spots are
etectable long before nephridia (which are morphological
eatures specific to segments VII and VIII during embryo-
enesis) are morphologically brought into being. We con-
idered that this mesodermal ALP activity serves as a very
arly marker of segments VII and VIII (Kitamura and
himizu, 2000).
The present study was undertaken to gain an insight into
he mechanisms underlying the segment-specific expres-
ion of ALP activity in the mesoderm of the Tubifex
embryo. The objectives of this study were to determine the
Copyright © 2000 by Academic Press. All rightmbryonic origin of ALP-expressing cells located in seg-
ents VII and VIII and to examine whether this segment-
pecific expression of ALP activity depends on external
ues. For this purpose, we utilized embryological tech-
iques such as cell ablation and cell transplantation in
ombination with labeling of specific blastomeres with
ineage tracers. The results reported in this paper show that
LP-expressing cells in each of segments VII and VIII are
erived from a single primary blast cell generated by the M
eloblast and that the emergence of the ALP-positive cells is
ndependent of either the surrounding cellular environment
r the positional cues residing in the embryo. On the basis
f these findings, we suggest that in Tubifex primary m
last cells that are produced sequentially from the M
eloblast may individually have an intrinsic segmental
dentity.
MATERIALS AND METHODS
Embryos. Embryos of the freshwater oligochaete Tubifex hat-
tai were obtained according to Shimizu (1982) and cultured at
22°C. For the experiments, embryos were all freed from cocoons in
the culture medium (Shimizu, 1982). To sterilize their surface,
cocoons were treated with 0.02% chloramine-T (Wako Pure
Chemicals, Osaka, Japan) for 3 min and washed thoroughly in three
changes of the culture medium. The culture medium used in
cell-ablation and -transplantation experiments was autoclaved, and
shortly before use antibiotics (penicillin G and streptomycin, 20
units/ml each) were added. Unless otherwise stated, all experi-
ments were carried out at room temperature (20–22°C).
Histochemical staining of alkaline phosphatase (ALP) activity.
To detect ALP-expressing cells, embryos were fixed and processed
according to the method described previously (Kitamura and
Shimizu, 2000). After being fixed with 1% glutaraldehyde in
phosphate buffer (40.5 mM Na2HPO4, 9.5 mM NaH2PO4) for 1 h,
embryos were washed with phosphate buffer containing 1% Triton
X-100 for 30 min, rinsed in phosphate buffer for 15 min twice, and
placed in a reaction buffer (100 mM NaCl, 5 mM MgCl2, 100 mM
Tris–HCl, pH 9.5) for 10 min. The specimens were then incubated
for 1 h at 37°C in a reaction mixture of nitroblue tetrazolium and
5-bromo-4-chloroindoxyl phosphate according to the method of
Whittaker and Meedel (1989). The reaction was stopped by washing
embryos in phosphate buffer.
If embryos had been labeled with DiI (see below), they were fixed
with 3.5% formaldehyde in phosphate buffer (instead of glutaral-
dehyde) and washing in phosphate buffer containing Triton X-100
was omitted.
Microinjection of lineage tracers HRP and DiI. To label M
teloblasts and their progeny cells, M teloblasts or their precursors
(4d cells) were pressure-injected with HRP (Sigma, type VI-A ) or
DiI (1,19-dihexadecyl-3,3,39,39-tetramethylindocarbocyanine per-
chlorate; Molecular Probes, Inc.). Preparation of HRP solution and
its injection were performed according to the method described
previously (Goto et al., 1999b). DiI was dissolved in ethanol at 100
mg/ml and stored at room temperature. Before use, an aliquot of
this solution was diluted 20 times in safflower oil. M teloblasts or
4d cells were injected with oil droplets containing DiI by means of
micropipets. DiI-injected embryos were kept in darkness.HRP-injected embryos were fixed with 1% glutaraldehyde in
phosphate buffer and stained doubly, first for ALP activity as
s of reproduction in any form reserved.
216 Kitamura and ShimizuFIG. 1. Summary of Tubifex development. (A–G) Selected stages of embryonic development. (A, B) Posterior view with dorsal to the top; (C,
D) dorsal view with anterior to the top; (E–G) side view with anterior to the left and dorsal to the top. (A) A 22-cell stage embryo. Cells 2d11, 4d,
and 4D all come to lie in the future midline. (B) After 2d11 divides into smaller 2d112 and larger 2d111 (not shown), 4d divides bilaterally into left
and right mesoteloblasts, Ml and Mr. About 2.5 h later, 2d111 divides equally into a bilateral pair of ectoteloblast precursors, NOPQl and NOPQr.
4D also divides into a pair of endodermal precursor cells ED before 2d111 division. (C) An embryo at about 30 h after the bilateral division of 4d.
Only teloblasts are depicted. NOPQ on each side of the embryo has produced ectoteloblasts N, O, P, and Q. (D) A 2-day-old embryo following
the bilateral division of 4d. Only teloblasts and associated structures are depicted. At this stage, a short ectodermal germ band (egb) extending
from the ectoteloblasts N, O, P, and Q is seen on either side of the embryo. A mesodermal germ band (mgb) extending from the M teloblast is
located under the ectodermal germ band. As the M teloblasts are separated from the ectoteloblasts, mesodermal blast cells located in the vicinity
of M teloblasts are not overlaid by the ectodermal germ band. (E–G) Morphogenesis of the ectodermal germ band. Embryos are shown at 2.5 (E),
4 (F), and 6 (G) days after the 4d cell division. The germ band (egb) is associated, at its anterior end, with an anteriorly located cluster of
micromeres (called a micromere cap; mc), and it is initially located at the dorsal side of the embryo (E). Along with their elongation, the germ
bands (egb) on both sides of the embryo gradually curve round toward the ventral midline and finally coalesce with each other along the ventral
midline (F). The coalescence is soon followed by dorsalward expansion of the edge of the germ band (G). pr, prostomium. (H) Longitudinal section
showing the relative positions of the endoderm (end) and bandlets extending from teloblasts M and O. Anterior is to the left and posterior is to
the right. In both teloblasts, metaphase mitotic spindles are depicted to indicate the direction and inequality of their divisions. Both teloblasts
undergo extremely unequal division to produce blast cells anteriorly, which are organized into a coherent column (i.e., a bandlet). The bandlet
(germ band) derived from the M teloblast is overlain by the O bandlet and is underlain by the endoderm (end). Asterisks indicate the presence of
a single primary blast cell in each block of the bandlet; the remaining blocks individually represent a cell cluster, which is derived from a single
primary blast cell.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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217Segmental Specificity in Tubifex Embryo
Copyright © 2000 by Academic Press. All rightdescribed above and then for HRP according to the method de-
scribed previously (Goto et al., 1999b). DiI-injected embryos were
fixed with 3.5% formaldehyde in phosphate buffer and stained for
ALP as described above.
Blastomere ablation. Embryos without vitelline membranes
were placed on 2% agar in the culture medium. Blatomeres were
killed by making a wound on their surface with fine forceps.
Within a minute the yolk mass of these cells began to coagulate.
The coagulating cells were removed by pulling them away from the
remainder of the embryo. The operated embryos were allowed to
develop in the culture medium containing antibiotics, which was
renewed daily.
Teloblast transplantation. Isolated M teloblasts that were un-
dergoing production of primary blast cells were transplanted to
much younger embryos, from which 4d cells had been ablated.
Deletion of 4d cells gave rise to complete loss of mesodermal
sources originating from the host embryos (Goto et al., 1999a).
Preparation of donor and host embryos and transplantation were
all performed in glass petri dishes coated with 2% agar in the
culture medium. Left M teloblasts of donor embryos were injected
with HRP, and they were isolated by killing and removing sur-
rounding cells in the donor embryos with fine glass needles. Host
embryos (at 22-cell stage; see Fig. 1A) were prepared by killing 4d
cells. Host embryos thus prepared were individually placed in
small holes made in the agar layer. The HRP-labeled donor M
teloblasts were transplanted onto the dorsoanterior region of the
host embryos (where 4d had previously been present) by means of
a micropipet; their position and orientation in the host embryos
were adjusted by a gentle stream of the culture medium. The
experimental embryos were then allowed to develop for 4 days.
After fixation, they were stained for ALP and HRP as described
above. Experimental embryos were discarded if transplanted telo-
blasts failed to adhere to or to be integrated into the host embryo.
Preparation of stained embryos for observation. Except for
DiI-injected embryos, stained embryos were all dehydrated in
methanol, cleared in a mixture of 1 part benzyl alcohol and 2 parts
benzyl benzoate, and observed as whole mounts in this mixture
with Nomarski differential interference contrast optics. DiI-
injected embryos were mounted in phosphate buffer and observed
by epifluorescence microscopy. In some cases, embryos were
observed with incident light in a dark field.
Summary of early development of Tubifex. A brief review of
the early development in Tubifex is presented here as a background
for the observations described below (for details, see Shimizu, 1982;
Goto et al., 1999a,b). Precursors of teloblasts are traced back to the
second (2d) and fourth (4d) micromeres of the D quadrant. At the
22-cell stage, 2d11 (resulting from the unequal divisions of 2d), 4d
nd 4D (sister cell of 4d) all come to lie in the future midline of the
mbryo (Fig. 1A). 4d divides equally to yield the left and right
esoteloblasts (Ml and Mr); 2d111 (resulting from the unequal
ivision of 2d11) divides into a bilateral pair of ectoteloblast
recursors, NOPQl and NOPQr (Fig. 1B). Ectoteloblasts N, O, P,
and Q arise from an invariable sequence of divisions of cell NOPQ
on both sides of the embryo (Fig. 1C; Goto et al., 1999a).
After their birth, each of the teloblasts thus produced divides
repeatedly, at 2.5-h intervals (at 22°C) to give rise to small cells
called primary blast cells, which are arranged into a coherent
column (i.e., a bandlet; Fig. 1H). Within each bandlet, primary blast
cells and their descendants are arranged in the order of their birth.
Bandlets from N, O, P, and Q teloblasts on each side of the embryoFIG. 2. Histochemical localization of ALP activity in Tubifex
mbryos. (A–C) Whole-mount preparations. In all panels, the
nterior part is on the left; when viewed from the side, the dorsal
art is at the top. (A, B) Lateral (A) and ventral (B) views of a
-day-old embryo following the 4d cell division. Two bilateral pairs
f ALP-positive spots (arrows) are seen in the ventrolateral region.
he arrowhead in (A) indicates ALP-positive linear structures in
he dorsoanterior region. (C) Lateral view of another 5-day-old
mbryo in which the 4d cell (precursor of M teloblasts) had been
njected with HRP. Note that the ventrolateral ALP spots (arrows)
re located in the HRP-labeled mesodermal germ bands, which are
rown-colored here. Although HRP-labeled cells are also present injoin together to form an ectodermal germ band (GB), while the
bandlet from the M teloblast becomes a mesodermal GB that
s of reproduction in any form reserved.
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218 Kitamura and Shimizuunderlies the ectodermal GB (Figs. 1D and H; Goto et al., 1999b).
he GBs are initially located at the dorsal side of the embryo (Fig.
E). Along with their elongation, they gradually curve round
oward the ventral midline and finally coalesce with each other
long the ventral midline (Fig. 1F). The coalescence is soon fol-
owed by dorsalward expansion of GBs. The edges of the expanding
Bs on both sides of the embryo finally meet along the dorsal
idline to enclose the yolky endodermal tube (Fig. 1G; Goto et al.,
999a,b).
RESULTS
As described earlier, during the course of Tubifex devel-
opment, segments VII and VIII individually exhibit a bilat-
eral pair of ventrolateral ALP spots (Fig. 2B). The first sign of
ALP-positive cells in these segments is detected in embryos
at 4.5 days after the 4d cell division, i.e., at the time when
the coalescence of GBs is completed in the ventral region
(see Fig. 1F). In this study, we examined experimental
embryos for the presence of ALP spots at 5–5.5 days after
the 4d cell division. At this stage, ventrolateral ALP spots in
normal embryos individually comprise ;10 ALP-positive
cells.
As Figs. 2A and 2C show, Tubifex embryos at 5 days after
the 4d cell division exhibit not only ventrolateral ALP spots
but also ALP-positive linear structures in the dorsoanterior
region. In this study, we did not try to eliminate these linear
structures from experimental embryos, since we found that
the dorsoanterior structures were easily distinguished from
the ventrolateral ALP spots even in experimental embryos.
These two structures were distinct from each other in their
location and morphology. Furthermore, unlike the ventro-
lateral ALP spots that are located in the inner region of the
embryo, the dorsoanterior structures are located on the
embryo’s surface (Kitamura and Shimizu, 2000).
ALP Activity in Segments VII and VIII Is Localized
in the Mesoderm
In a previous study, we observed, in sectioned material,
that ALP spots in segments VII and VIII are located in the
FIG. 3. Development of ALP spots following the ablation of blast
4d cell division. Anterior is to the left and posterior is to the right
In all embryos shown, 4d cells were injected with DiI. (A) A contro
ALP spots (arrows) are seen in the fluorescent mesodermal germ ba
been ablated. Dorsal is to the top. The fluorescent mesodermal ger
These spots appear to be smaller than those seen in the control emb
(C, D) Ventrolateral (C) and ventral (D) views of embryos from whic
f the embryo is shown. Ventral is to the top. Two ALP spots (arro
ilateral pairs of ALP spots (arrows) are normally formed. The dors
n embryo from which the 4d cell has been ablated. The right side
pots. Arrowheads indicate the dorsoanterior ALP-positive structu
FIG. 4. Development of ALP spots following the ablation of M temicrograph. In the embryo shown in (D), the 4d cell was injected with D
ablated simultaneously. (A) Following the ablation of M teloblasts at 16
Copyright © 2000 by Academic Press. All rightesodermal region of the normal embryo (Kitamura and
himizu, 2000). In the present study, this was confirmed in
mbryos whose M teloblasts had been injected with lineage
racers HRP and DiI. As Figs. 2C and 3A show, two ALP
pots on either side of the embryo were localized within
ach labeled mesodermal GB. Careful observation sug-
ested that these two spots were present in segments VII
nd VIII, respectively.
Ablation of 4d Cells Completely Abrogates
Ventrolateral ALP Spots
To find out whether cells derived from M teloblasts are
the only source of ALP spots, we examined embryos from
which 4d cells had been ablated. The ablation of 4d cells
resulted in the absence of M teloblasts and, hence, meso-
dermal GBs. These operated embryos underwent cell divi-
sions and ectodermal GB formation in a normal fashion,
though they failed to elongate. As Fig. 3E shows, there was
no trace of ALP spots under the ectodermal GBs or else-
where in these embryos (15/15 cases; Table 1). In contrast,
dorsoanterior ALP lines did not appear to be affected (com-
pare Fig. 3E with Fig. 2C). These results suggest it is
unlikely that cell lineages other than the M lineage contrib-
ute to ALP spots.
ALP Spots Appear to Develop Independently
of Neighboring Germ Layers
In intact embryos, the mesodermal GBs are overlain by
ectodermal GBs and underlain by the endoderm derived
from macromeres (Fig. 1H; Goto et al., 1999b). Further-
more, the mesodermal GBs on either side of the embryo
come into contact with each other along the ventral mid-
line. There is a possibility that these “neighboring” germ
layers have a role in generating ventrolateral ALP spots in
the mesodermal GB. To test this possibility, we examined
the development of ALP spots in embryos from which 2d111
cells, right M teloblasts, or 4D cells had been ablated. The
ablation of 2d111 cells and right M teloblasts resulted in the
bsence of ectodermal GBs and right mesodermal GB,
espectively. The ablation of 4D cells did not affect either
es. (A–E) Whole-mount preparations of embryos at 6 days after the
) Fluorescence micrographs; (D, E) bright-field light micrographs.
bryo viewed from the side. Dorsal is to the top. The ventrolateral
B) Lateral view of an embryo from which the right M teloblast had
nd on the left side of the embryo exhibits two ALP spots (arrows).
This is simply because they are located deep inside the germ band.
11 (precursor of ectoteloblasts) have been ablated. (C) The right side
are detectable in the fluorescent mesodermal germ band. (D) Two
rior ALP structures are out of focus here. (E) Ventrolateral view of
e embryo is shown; ventral is to the top. There is no sign of ALP
cale bars: (A–C) 200 mm; (D, E) 250 mm.
sts at various stages. (A–D) Whole-mount preparations of embryosomer
. (A–C
l em
nd. (
m ba
ryo.
h 2d1
ws)
oante
of th
res. S
lobla
at 6 days after the 4d cell division. Anterior is to the left and dorsal is to the top. (A–C) Bright-field light micrographs; (D) fluorescence
iI. In all embryos shown, both the left and right M teloblasts were
h after their birth, no ALP spots are detectable in the mesodermal
s of reproduction in any form reserved.
219Segmental Specificity in Tubifex Embryogerm band (gb). The arrowhead indicates the posterior end of the germ band. (This embryo was photographed with incident light to show
germ bands.) (B) Following the ablation of M teloblasts at 18.5 h after their birth, a single ALP spot (arrow) is detectable on either side of
the embryo. This spot is located in the posteriormost region of the germ band (though the germ band is not depicted here). (C, D) Following
the ablation of M teloblasts at 21 h (C) or 23.5 (D) h after their birth, two ALP spots (arrows) are seen on either side of the embryo. Note
that the posterior spot seen in (D) is located at some distance from the posterior end (arrowhead) of the germ band. Scale bars: (A–C) 200
mm; (D) 160 mm.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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220 Kitamura and ShimizuGB formation or morphogenesis, but it gave rise to reduc-
tion of the embryo’s size to about 50% of the volume of an
intact embryo. The results are summarized in Table 1.
Figures 3B–3D show representative embryos from which
either the right M teloblast or 2d111 cell had been ablated. As
is evident from the figures, two distinct ALP spots were
formed in each mesodermal GB. They were normal in
appearance and in position along the GBs, and they were
comparable to those in intact embryos (see Fig. 3A). Simi-
larly, two bilateral pairs of ALP spots were detected in the
ventrolateral region of embryos from which 4D cells had
been ablated (not shown).
These results suggest that ectodermal GBs, contralateral
mesodermal GBs, or 4D-derived endoderm are not required
for emergence of ALP spots in the mesodermal GBs.
Each ALP Spot Can Be Traced Back to a Single
Primary m Blast Cell
As described previously, the ventrolateral ALP spots are
located in segments VII and VIII of the Tubifex embryo
Kitamura and Shimizu, 2000). It is known that each seg-
ent is a clone of descendants of a single primary m blast
ell (Goto et al., 1999b). This suggests that segments VII
nd VIII arise from the seventh and eighth primary m blast
ells (m7 and m8), respectively. Thus, it seems likely that
LP spots in segments VII and VIII are descendants of m7
nd m8, respectively. To confirm this possibility, M telo-
lasts were ablated from embryos at various developmental
tages. Since M teloblasts divide at 2.5-h intervals (at 22°C),
he total number of primary m blast cells that a given M
eloblast has produced can be estimated from the length of
ime that lapses following the birth of M teloblasts (Goto et
TABLE 1
Development of Ventrolateral ALP Spots
following Blastomere Ablation
Blastomeres
ablateda
No. of
embryos
No. of ALP spots on
operated side(s)
0 1 2
4d 15 15 0 0
2d111 15 0 0 15
4D 15 0 0 15
(Mr)0 15 15 0 0
(Ml 1 Mr)6 10 10 0 0
(Ml 1 Mr)7 10 0 10 0
(Ml 1 Mr)8 10 0 0 10
(Ml 1 Mr)9 10 0 0 10
a (Mr)0 represents the right M teloblast shortly after its birth;
(Ml 1 Mr)6–9 represent bilateral pairs of M teloblasts that have
roduced the sixth, seventh, eighth, and ninth primary m blast
ells, respectively.l., 1999b). In this study, M teloblasts were ablated at 16,
8.5, 21, or 23.5 h after their birth, i.e., shortly after they
Copyright © 2000 by Academic Press. All rightroduced sixth, seventh, eighth, or ninth primary m blast
ells, respectively. The results are summarized in Table 1.
Irrespective of the timing of M teloblast ablation, primary
blast cells that had been produced before teloblast
blation were found to be organized in normal appearing
Bs, which were much shorter than those in intact em-
ryos (see Figs. 4A and 4D). When M teloblasts were ablated
ollowing production of the eighth or ninth primary m blast
ell, two bilateral pairs of ALP spots were detected in the
Bs (Figs. 4C and 4D). However, in embryos from which M
eloblasts had been ablated following production of the
eventh blast cell (m7), only one bilateral pair of ALP spots
as detected (Fig. 3B). Furthermore, in GBs that comprised
he first 6 primary m blast cells, no trace of ALP spots was
etected (Fig. 3A).
These results suggest that the anterior and posterior pairs
f ALP spots are derived from the seventh and eighth
rimary m blast cells, respectively. Furthermore, based on
hese results, it is safe to say that ALP expression in
escendants of m7 and m8 does not require the presence of
ucceeding m blast cells.
ALP Expression in Ectopically Positioned
m Blast Cells
To find out whether the first seven primary m blast cells
and their descendants are involved in the ALP expression in
the descendants of the eighth primary m blast cell (m8), we
isolated M teloblasts that had undergone cell divisions
seven times and transplanted them into 22-cell stage em-
bryos from which 4d cells had been ablated (Fig. 5). It was
expected that first blast cells produced by these trans-
planted teloblasts in the reconstituted embryos would be
equivalent to the eighth primary m blast cell in intact
embryos. Similar transplantation experiments were also
carried out with M teloblasts that had divided eight times.
M teloblasts to be transplanted were all microinjected with
HRP shortly before isolation.
Transplanted M teloblasts continued to divide and pro-
duced blast-cell-like, small cells in host embryos. In about
one-third (9/30 cases) of the reconstituted embryos, these
small cells were found to be organized in a coherent
column, which was reminiscent of the GB of intact em-
bryos (Fig. 6); in the remaining cases, M-teloblast-derived
small cells were organized in a clump associated with the
parent teloblast (not shown). In this study, only the former
cases were subjected to further examination.
As Fig. 6A shows, ALP spots appeared in the cell column
derived from an M teloblast that had been transplanted
following the seventh cell division. In all cases (5/5) exam-
ined, reconstituted embryos individually exhibited a single
ALP spot. These spots were localized in the anteriormost
region of the cell column (Fig. 6A). Since the frontmost
region of the cell column was located near the anterior end
(marked by dorsoanterior ALP lines) of embryos, it is
thought that ALP spots in the reconstituted embryos were
s of reproduction in any form reserved.
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bryos.
In contrast, no trace of ALP spots was detected in the cell
column derived from an M teloblast that had undergone
cell divisions eight times before transplantation (4/4 cases;
Fig. 6B).
These results suggest that descendant cells of the eighth
primary m blast cell express ALP activity in the absence of
the preceding m blast cells.
DISCUSSION
The present study has shown that the two bilateral pairs
of ventrolateral ALP spots in the Tubifex embryo can be
raced back to the seventh and eighth primary m blast cells
i.e., m7 and m8) produced from the M teloblasts. That is,
he anterior and posterior pairs of ALP spots are derived
rom descendants of m7 and m8, respectively. It may also be
ossible that descendants of other m blast cells contribute
ome ALP-positive cells to the ALP spots. This is unlikely,
owever, since there is no intermingling of cells between
ell clusters, each of which is generated via proliferation of
primary m blast cell (Goto et al., 1999b). Thus, we suggest
FIG. 5. Teloblast-transplantation procedure. The left M teloblast
(Ml) that has undergone cell divisions seven times is injected with
HRP. After being isolated, the HRP-labeled donor Ml is transferred
to an unlabeled 22-cell stage host embryo from which the 4d cell
has been ablated. The donor Ml is placed in the dorsoposterior
region of the host embryo and it is oriented so that its anterior end
is associated with the 2d11 cell of the host embryo.that each ALP spot comprises ALP-positive cells that are
derived from a single primary m blast cell.
Copyright © 2000 by Academic Press. All rightFIG. 6. Development of ALP spots following transplantation
of M teloblasts. Whole-mount preparations of embryos are
shown at 4 days after teloblast transplantation. Anterior is to
the left and posterior is to the right. The dorsoventral polarity
is obscure in these preparations. M teloblasts to be transplanted
were injected with HRP, isolated from the donor embryos,
and transferred to 22-cell stage embryos, from which 4d cells
had been deleted (see Fig. 5). The experimental embryos were
fixed and stained for ALP and HRP as described under Materials
and Methods; ALP-positive cells were blue-colored and
HRP-labeled cells were brown-colored. (A) Following the
transplantation of the M teloblast that produced 7 primary
blast cells, an ALP spot (arrow) emerges in the anterior-
most region of the HRP-labeled cell column derived from
the transplanted teloblast. Note that this spot is located near
the anteriorly located ALP-positive linear structure (arrow-
head). (B) Following the transplantation of the M teloblast
that produced 8 primary blast cells, no sign of ALP spots is
seen in the HRP-labeled cell column derived from the
transplanted teloblast. The asterisk indicates the anterior end
of the labeled cell column. In this preparation, the anteriorly
located ALP-positive structures appear to be disorganized,
but they are located at the embryo’s surface. Scale bar,
100 mm.
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During Tubifex embryogenesis, ALP spots specifically
emerge in the ventrolateral region of the mesoderm in
segments VII and VIII, but not in other segments (Kitamura
and Shimizu, 2000). The aim of this study was to examine
whether this localized expression of ALP activity depends
on external cues. The results of the present blastomere-
ablation experiments suggest it is unlikely that ALP activ-
ity in the mesodermal GBs is raised through inductive
signals from the neighboring germ layers such as ectoder-
mal GBs, a contralateral mesodermal GB, and endodermal
cells. Nor is it likely that ALP activity emerges in response
to the positional cues residing in the embryo, as suggested
from the results of the blastomere-transplantation experi-
ments.
Rather, it appears that the localized expression of ALP
activity in the mesodermal GB is achieved through mecha-
nisms intrinsic to the GB. As mentioned earlier, among
primary m blast cells comprising the GB, only m7 and m8
give rise to ALP spots. Furthermore, emergence of the ALP
spots does not require the presence of m blast cells located
either in front of or behind these two cells. These results
indicate that irrespective of their surrounding cellular en-
vironments, m7 and m8 autonomously generate ALP-
expressing cells. In contrast, other m blast cells seem to
lack such properties. Thus, we suggest that in terms of
generation of ALP-expressing progeny cells m7 and m8 are
intrinsically different from other m blast cells in the meso-
dermal GB. In other words, m7 and m8 are exclusively
specified as precursors of ALP-expressing cells.
Taken together, it is thought that the localization of ALP
spots in segments VII and VIII in normal embryos is solely
attributable to the generation of primary m blast cells
committed to “ALP-expressing” fates at the seventh and
eighth divisions of the M teloblast, since m7 and m8 in
normal embryos invariably give rise to segments VII and
VIII, respectively (Goto et al., 1999b). How are the fates of
m7 and m8 specified? It is possible that their fates are
specified according to their physical position in the m blast
cell chain (i.e., the mesodermal GB). Alternatively, specifi-
cation of m blast cells may result from the genealogical
position in the M lineage, i.e., the rank order of their birth.
In the present blastomere-transplantation experiments, we
observed that in the absence of preceding m blast cells a
primary m blast cell that had been produced at the eighth
division of an M teloblast generated a normal-appearing
ALP spot, but that produced at the ninth division failed to
do so. Evidently, these results are consistent with the
birth-rank hypothesis, but they do not favor the former
regional specification mechanism. Thus, we suggest that
the commitment of m7 and m8 to ALP-expressing fates is
brought about through a developmental program intrinsic
to the M teloblast. It is conceivable that a certain mecha-
nism that counts cell division cycles operates in the M
teloblast to specifically segregate ALP-expressing fates to
primary m blast cells at the seventh and eighth divisions.
Copyright © 2000 by Academic Press. All rightAt present, we cannot rule out the possibility that the
putative intrinsic commitment of the M teloblast is due to
inductive signals coming from the last blast cell daughter.
Implications for Specification of Segmental Identity
As described previously, ALP spots in segments VII and
VIII develop into nephridia, which are detected as ALP-
positive, hairpin-shaped structures (Kitamura and Shimizu,
2000). During Tubifex embryogenesis, ALP spots and
nephridia are present in these two segments but not in
other segments; therefore, they are morphological features
that give each of these two segments their own identity. As
discussed above, the emergence of these features in seg-
ments VII and VIII is not because m blast cells that have
been situated in these segments are committed to take on
segment-specific fates, but because m blast cells that have
already been committed to these fates come to take up the
positions corresponding to segments VII and VIII. Further-
more, it is at the time of their birth that primary m blast
cells acquire specific identities. Thus, our results strongly
suggest that segmental identity is already specified at the
level of the primary m blast cell. That is to say, primary m
blast cells that are produced sequentially from the M
teloblast may individually have an intrinsic segmental
identity. Given that segmental identities in primary m blast
cells are determined according to the rank order of their
birth, it is probable that the M teloblast possesses a devel-
opmental program through which the sequence of blast cell
identities is determined.
To our knowledge, this is the first direct demonstration
of intrinsic segmental identity of primary m blast cells in
oligochaete embryos. There are precedents for cell-intrinsic
mechanisms for segmental identity specification in leech
embryos, however (Shankland, 1991; Weisblat et al., 1994).
Using a photolesioning technique that causes a shift of a
blast cell bandlet out of its normal segmental register,
Shankland and his collaborators showed that in Helobdella,
blast cells of both the N and O teloblast lineages give rise to
neurons with specialized properties to express a specific
neuropeptide or LOX2 protein when shifted to segments
that normally lack such neurons and that, conversely,
N-derived neurons normally destined for a domain lacking
LOX2 protein expression do not undertake LOX2 expres-
sion when transplanted into the normal expression domain
(Martindale and Shankland, 1990; Nardelli-Haefliger et al.,
1994). Applying a similar cell-transplantation technique to
another leech, Theromyzon rude, Gleizer and Stent (1993)
demonstrated that m blast cells give rise to segment-
specific structures according to their birth rank rather than
to their actual segmental position. These results suggest
that primary blast cells of M, N, and O lineages in leech
embryos have an intrinsic segmental identity. It has also
been indicated that primary blast cells could autonomously
be committed to segment-specific fates before or shortly
after their birth. Apparently, cell-intrinsic development of
segmental identity during embryogenesis is not unique to
s of reproduction in any form reserved.
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223Segmental Specificity in Tubifex EmbryoTubifex, but is widespread in annelids. It appears that the
acquisition of specific identities by individual blast cells
according to their birth rank, especially in the mesoderm,
may have been conserved among oligochaetes and leeches.
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